The influence of volume of aqueous sulfuric acid solution on the corrosion behavior of pure iron during the initial 0.6 ks was investigated by potentiostat and atomic force microscope (AFM). Three types of volume of solution, i.e., bulk solution, macro-droplet (millimeter size) and micro-droplet (micrometer size), were used.
Introduction
The width of metallic wires in micro-machines and electric devices is becoming narrower and narrower to several 10 nm with the development of miniaturization of systems. 1) When the surface of these micro-metals is wetted by micro-water, corrosive components of O 2 , CO 2 , SO x or NO x in air will easily be adsorbed on the surface. Because even a slight corrosion will bring about large problem on the integrity of systems, it is important to clarify the corrosion behavior of micro-dimension metals in this case to get necessary information on the surface modification and structure design for high reliability and integrity of micro-systems. It has been known that carbon steel, low alloy steel and copper show a maximum value on the atmospheric corrosion rate when their surface is covered by Na 2 SO 4 or NaCl solution with average thickness near 10$100 mm. [2] [3] [4] This result was obtained by the measurement of the oxygen consumption in the cathodic reaction and the impedance of the surface. However, the direct measurement of corrosion behavior beneath microliquids has not been clearly known due to the limit of techniques of directly imaging the micro-liquids and the liquid/substrate interface.
Recently, Hu, 5) Masuda 6, 7) and the authors [8] [9] [10] succeeded in imaging micro-droplets (nanometer-scale) of distilled water and lubrication oil and evaluating their wettability on solid surfaces using a scanning polarization force microscope (SPFM) and an a.c. non-contact mode of atomic force microscope (AFM). It is found that most of the micro-water exists as droplets or micro-liquid film, and is extremely stable for more than 21.6 ks in 50-60%RH air at room temperature. [8] [9] [10] The author also reported the corrosion behavior of stainless steel beneath many micro-droplets of sulfuric acid by using the above method. 11) In this case, several corrosion patterns were found, however, the relation between the corrosion rate of metals and the size of micro-droplet has not been known.
Here in this work, after a micro-droplet of sulfuric acid (H 2 SO 4 ) solution was placed on a pure iron surface, the shape of the droplet and the corrosion behavior beneath the droplet was investigated by the a.c. non-contact mode and the contact mode of AFM. On the other hand, the corrosion rate of iron in H 2 SO 4 solution and corrosion morphology beneath a macrodroplet of H 2 SO 4 solution was measured for the sake of comparison with that beneath a micro-droplet.
Experimental Procedures
Pure iron having a purity of 99.8 mass% was used as material. It was machined to specimen 15 mm Â 15 mm wide and 2 mm thick. Specimens were finely polished with 0.15 mm alumina, with ultrasonic cleaning in acetone before use. The solution used for the corrosion test was 5 mass% H 2 SO 4 at 298 AE 3 K.
The corrosion rate of pure iron in bulk solution was obtained by the Tafel method from a polarization curve. The polarization curve was obtained using a potentiostat apparatus (HA-303: Hokuto Co.) with a counter electrode of platinum plate and a reference electrode of saturated calomel electrode (S.C.E.). The specimen surface after immersion in the bulk solution was observed by a digital microscope and the weight loss was measured by a micro-balance (BX3200H: Shimadzu Co.).
In the case of corrosion beneath a macro-droplet of sulfuric acid with volume of 5 mL (; 5 Â 10 9 mm 3 ), the specimen surface after 0.6 ks corrosion was observed by the digital microscope. The shape of the droplet was also recorded by the digital microscope. For comparison, a macro-droplet of pure water was also investigated in this case.
An atomic force microscope (AFM; SFT-9800: Shimadzu Co.) was used to place and observe a micro-droplet on a pure iron specimen. The shape change of the droplet and the corrosion behavior of the pure iron caused by this microdroplet was investigated by a contact mode and an a.c. non-contact mode of AFM. A consecutive procedure of the experiment is shown in Fig. 1 . Firstly, the surface morphology of a pre-assigned target micro-zone of 10 mm Â 10 mm ( Fig. 1(a) ) was imaged in advance with the contact mode of the AFM. The coordinate of the central position of the zone was recorded by an x-y auto-stage (minimum step: 2 mm) and the tip of the cantilever of AFM released to move over a glass surface covered with a thin acid film ( Fig. 1(b) ). The acid film was produced from a macroscopic droplet of H 2 SO 4 solution (5 mL). With the contact mode, the tip was brought into contact with the acid film for several seconds. A micro-droplet of H 2 SO 4 solution attached on the tip when the tip lifted away and was moved to the recorded microzone on the iron surface and then held there for about 30 seconds ( Fig. 1(c) ). The micro-droplet on the tip then transferred to the recorded micro-zone. Finally, the cantilever tip was lift about 100 mm away from the surface and switched to the a.c. non-contact mode to image the surface ( Fig. 1(d) ). In the a.c. non-contact mode of the AFM, the shape of the droplet can be observed since the force between the tip and the droplet is much smaller than that of the contact mode. [8] [9] [10] After a certain time, the mode was changed to the contact mode to observe the corrosion morphology of the specimen at the liquid/solid interface ( Fig. 1(e) ). In the contact mode of the AFM, only the hard substrate can be imaged because the tip of cantilever would displace micro-liquid on the specimen surface. [8] [9] [10] Thus, this contact mode should also be possible to be applied to investigate the interface corrosion process between microliquid and the substrate. In all observations, a silicon cantilever (NANOSENSOR Co., NCHR-W; typical size: T ¼ 4 mm, W ¼ 30 mm, L ¼ 125 mm, H ¼ 12 mm; typical spring constant C ¼ 42 N/m, typical resonance frequency f ¼ 330 kHz, radius of curvature of the tip R < 10 nm) was used. The scanning rate was about 20$120 nm/s. All the observations were carried out in 25-30%RH (low relative humidity)or 50-70%RH (high relative humidity) ambient air at 298 AE 3 K. Figure 2 shows the surface morphology of pure iron after 0.6 ks immersion in 5%H 2 SO 4 solution. General corrosion occurred on the surface and small corrosion dents appear on the surface by locally preferable corrosion. The corrosion rate of pure iron in this solution is about 0.05 nm/s, which is obtained by the Tafel calculation from the polarization curve. Figure 3 shows the change of contact angles of a macrodroplet of 5%H 2 SO 4 solution and pure water with time at the relative humidity of 25$30%RH and 50$70%RH. The values are averaged of five measurements. In any case, the contact angle becomes smaller and the volume decreases with time. The volume decrease is caused by the evaporation of water. The decrease in contact angle of sulfuric acid is much faster than that of the pure water. It should be related to 
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Contact mode AC non-contact mode the increase in the real area of the specimen surface including corrosion dents and the change of surface energy by the corrosion product. Figure 4 shows the surface morphology of specimen after 0.6 ks corrosion caused by a macro-droplet. This is almost the same as that in the bulk solution, i.e., general corrosion and small corrosion dents appear on the surface. It is clear that the specimen surface is separated to anodes and cathodes, the anodes are corroded and corrosion dents appear.
More corrosion dents were observed in low RH environment than that in high RH environment. This should be related to the different equilibrium concentration of the droplet, i.e., 43.6 mass% for 30%RH and 38.9 mass% for 60%RH at 296 K. 12) It means that the equilibrium concentration of sulfuric acid is higher for lower humidity environment, corresponding to a higher corrosion rate than that in higher humidity environment. On the other hand, grain boundaries instead of corrosion dents are observed in 43.6% or 38.9% H 2 SO 4 solution. Accordingly, the concentration of the droplet should be changed only a little in different humidity environments. Figure 5 shows an example of the formation and the observation of a micro-droplet of H 2 SO 4 solution on an arbitrary area of the specimen surface in 50$70%RH air. The small circles show the same position in the observation area. The height distribution of the surface in the observation area is shown on the right side of each image. In Fig. 5(a) , a micro-zone is pre-assigned to produce the droplet. As described in Fig. 1 , the tip of the cantilever firstly contacted an acid film on a glass board and then contacted the preassigned zone. This micro-zone was then observed by the a.c. non-contact mode of AFM, which is shown in Fig. 5(b) . A hemispherical droplet appears clearly near the center of this zone. In this case, the radius and the height of the droplet are about 2.8 mm and 60 nm, respectively. The observation can be continued to record many pictures to investigate the shape change of the droplet. After 0.6 ks from the first contact of the cantilever to the specimen with the droplet, this micro-zone was then observed by the contact mode of AFM. The result is shown in Fig. 5(c) . It is known that the droplet has been removed by the scanning of the cantilever and the presented surface is the iron substrate. Furthermore, a dent appears just under the droplet, which was produced by the corrosion of the specimen with the corrosive droplet.
Producing a micro-droplet by AFM
According to the above result, a conclusion can be drawn as follows. That is, a micro-droplet of H 2 SO 4 solution can be produced on any pre-assigned target micro-zones of solid surface, which is important as a new assessment method to investigate the corrosion behavior of any parts of micro machines. The shape change of the droplet and the corrosion rate beneath this droplet can be investigated by the a.c. noncontact mode and the contact mode of AFM. Figure 6 shows observation results of a micro-droplet of sulfuric acid solution in the case of 25$30%RH condition. The surface before adhesion of the droplet is omitted here. were observed. They are (i) a hemispherical one, (ii) a hemispherical one surrounded with a thin liquid film and (iii) a hemispherical one surrounded with tiny ones, respectively. Such morphology was also observed in high humidity. They might be related to the different properties of the specimen surface or the amount of the micro-droplet. However, the true reason has not been known. After 0.6 ks holding, the contact mode scanning was applied on these zones ( Fig. 6 (b1)$(b2)). As a result, most part of such droplets cannot be removed by the cantilever of AFM, remaining almost as their original shape at the first non-contact mode observation. It means that such droplets have been dried to be a solid corrosion product by corrosion reaction between the substrate, or the corrosion reaction has almost been finished and the droplet has turned out to be a solid corrosion product with almost the same shape of the original droplet. It also means that the corrosion behavior of iron beneath a micro-droplet of sulfuric acid solution is different from that beneath a macrodroplet. Figure 7 shows the morphology of a micro-droplet on specimen surface by the a.c. non-contact mode and the contact mode observation after 0.6 ks in the case of 50$70%RH condition. Three types of droplets also presents on the specimen surface as described before, however, different from that in Fig. 6 , the droplet do not become completely dry until 0.6 ks holding and a corrosion dent of the iron was observed by the contact mode of AFM. According to the profile measurement, the depth of the corrosion dent is about 10 nm, i.e., the average corrosion rate in this case is about 0.017 nm/s during the 0.6 ks corrosion.
Corrosion behavior by a micro-droplet
After 0.6, 1.8, 2.4 or 3.0 ks holding of a droplet on specimen surfaces, the contact mode of AFM was also carried out on the same zones. The results are shown in Fig. 8 . The droplet kept still being removable after 2.4 ks, indicating a possibility that the corrosion rate in high RH condition is smaller than that in the low RH condition. After 3.0 ks, most of the droplet has been dried to be a solid corrosion product, showing the finish of the corrosion reaction between the droplet and the iron substrate. The difference between the low and the high RH conditions should be related to the different equilibrium concentration of H 2 SO 4 at different RH conditions, i.e., 43.6% at 30%R.H. and 38.9% at 60%RH. 10) Figure 9 shows typical morphologies of a micro-droplet after being placed on the specimen after 0.3, 1.8, 5.4 and 10.2 ks in high humidity condition. After 0.3 ks elapse (the picture is omitted), the vertex of the droplet became lower, and became clear after 5.4 ks. It is difficult to consider this phenomenon for a real liquid droplet. It should be related to the generation of solid corrosion product at the interior of the droplet. Such phenomenon also appeared for a MgCl 2 microdroplet on a low alloy steel, which was explained to be resulted from the anodic resolution of the steel beneath the droplet. 13) Figure 10 shows the change of the volume and the contact angle of a micro-droplet with increasing the holding time in 25-30%RH and 50-70%RH environments, respectively. It is notified that the smaller volume of the droplet in Fig. 10(b) in high humidity does not mean that all the volume of droplet produced in high humidity is smaller than that in low humidity. In fact, there is a scatter in the obtained original values of droplet volume in this work, i.e., small and large droplets were obtained despite different humidity. In the case of 25-30%RH environment, the contact angle of the droplet slightly increases at the initial stage of holding while the volume of the droplet slightly decreases with the holding time. Because of the proceeding of the drying of the droplet, the contact angle here can be directly used to explain the wettability, especially after the complete drying of the droplet. The decrease of volume should be due to the evaporation or the consumption of water in the droplet with the corrosion reaction. In the case of 50-70%RH environment, the contact angle of the droplet firstly slightly decreases and then increases to a stable value. The value is generally smaller than that in low RH condition. This indicates the different corrosion behaviors between the droplet and the iron substrate in different humidity. On the other hand, the volume of the droplet firstly increases then decreases and keeps stable after about 4 ks holding. It might be possible that the droplet has been condensed near its equilibrium concentration when it was observed by AFM, i.e., 43.6% at 30%RH and 38.9% at 60%RH. The decrease of volume means the slight evaporation of water from the droplet to adjust the concentration to the equilibrium one with the progression of corrosion.
Corrosion rate and volume of solution
According to the measurement of the depth of the corrosion dent on the specimen surface, which was corroded by a micro-droplet during 0.6 ks corrosion in 50-70%RH environment, the average corrosion rate of the specimen by the droplet are obtained. Figure 11 shows the relationship between the corrosion rate and the volume of the solution, including micro-droplet and bulk solution. The corrosion rate in high concentration solution was also measured and shown in the figure, because the concentration of acid would have been changed due to the evaporation of water, especially for micro-droplets. The corrosion rate seems to be different for different volume of solution, i.e., the corrosion rate for microdroplet is much smaller than that in bulk solution, i.e., 0.05 nm/s for the 5% solution and 7.5 nm/s for the 38.9% solution. 10) Furthermore, in the case of micro-droplet, the corrosion rate is smaller for the smaller droplet.
Discussion for corrosion rate and volume of solution
The reason for the smaller corrosion rate of specimen beneath smaller size of droplet is considered as follows.
(1) Masuda reported that the formation (separation) of anode and cathode became slow on an interface between a pure iron and a MgCl 2 droplet. 13) Those droplets have radii of 0:1$0:2 mm and heights of 10 nm $ 7 mm. The measurement was carried out by a super Kelvin force microscope (SKFM) technique. Although the size and species of the droplets were different from this work, the reason for the smaller corrosion rate beneath smaller droplet in this work seems to be also related to the later formation of anode and cathode. The reason is considered as shown in Fig. 12 . It is well known that corrosion is a type of electrochemical reaction, therefore there must simultaneously be a cathode reaction (the generation/evolution of hydrogen or consumption of oxygen) and an anode reaction (the dissolution of metals). Such separation and distribution of anode and cathode are very important for the corrosion rate of iron. In the case of bulk solution, the formation of anode area and cathode area is easy because of much difference at the liquid/solid surface, i.e., different crystal orientation for different grains, grain boundaries, defects, precipitates or impurity atoms in each grain. As the result, corrosion dents or grain boundaries present on the surface. On the other hand, when the droplet decreases to micrometer size micro-droplet and further deceases in the size, the area of the interface become smaller and smaller that the liquid/solid interface shows less and less difference because of less crystal defects in small area, which results in the difficult formation of remarkable anode and cathode and thus the smaller corrosion rate for smaller droplet. (2) It is well known that the corrosion rate of iron by dilute sulfuric acid solution increases with increasing the concentration of protons (H þ ) in the solution. In this work, when the micro-droplet is placed on the specimen surface or when the droplet is firstly observed by the a.c. non-contact mode, the concentration of protons in the droplet might have been condensed to its equilibrium concentration when considering the time for the procedure of the experiment. The change of the concentration or the sum of protons in the droplet would influence the corrosion rate of iron. It has been known that the volume of droplet did not changed much in the above observation, thus the automatic adjustment of the concentration of protons can be assumed to be small during the corrosion. Under the above conditions, the concentration/ sum of protons in the droplet would decrease faster for a smaller droplet, which is considered to be another reason for the smaller corrosion rate of iron beneath a smaller droplet.
Conclusions
The influence of volume of aqueous sulfuric acid solution on the corrosion rate of pure iron during the initial 0.6 ks was investigated by potentiostat and atomic force microscope (AFM). Three types of volume of solution on the specimen, i.e., bulk solution, macro-droplet with millimeter size and micro-droplet with micrometer size, were used. The following conclusions are obtained.
(1) A micro-droplet with diameter of 1$10 mm can be placed on a pre-assigned target micro-zone of specimen by the cantilever tip of AFM. The corrosion behavior by the droplet can be investigated using both the contact mode and the a.c. non-contact mode of AFM. (2) The corrosion rate by bulk solution is much higher than that by a micro-droplet of sulfuric acid solution. (3) In the case of corrosion on pure iron surface caused by a micro-droplet, the corrosion rate is smaller for the smaller droplet. The drying of the micro-droplet to a solid corrosion product in 25-30%RH condition is faster than that in 50-70%RH condition.
